The Time-Temperature Superposition (TTS) and Stepped Isothermal Method (SIM) have been implemented to accelerate the creep deformation rate in the tensile creep tests of geosynthetic reinforcement by, respectively, performing a set of tests at different elevated ambient temperatures or stepwise increasing the temperature during sustained loading in a test using a single specimen. Creep strain rates at a fixed reference temperature are estimated by extrapolating those observed at elevated temperatures toward longer elapsed time based on several assumptions validated by a limited amount of experimental data. Any relevant constitutive model that is able to simulate in a systematic way the temperature effects on the load-strain behaviour as observed in the TTE'S and SIM tests has not been proposed. The stress-strain curves in TTE'S and SIM tests as well as those from continuous monotonic loading tests at elevated constant temperature are simulated by a constitutive model that takes into account the temperature effects as well as the viscous property. Effects of an increase in the ambient temperature from the reference value to a higher value are modelled by decreasing the stiffness as a result of negative temperature effects on the plastic property (equivalent to negative ageing effects). It is assumed that the elastic and viscous properties are not affected by temperature changes. It is shown that the time history of creep strain and the acceleration of creep strain rate upon an increase in the temperature in TTS and SIM tests can be simulated very well by the proposed model.
Introduction
Conventional creep rupture tests on geosynthetic reinforcement have been widely performed for the last several decades as one of the routine tests to determine the so-called "stress-rupture curve". However, these tests are highly time-consuming. In order to shorten the time to rupture in the creep rupture tests, a technique called "time -temperature superposition (TTS)" has been proposed. Namely, a series of creep rupture tests at a constant tensile load are performed until the rupture occurs under a set of constant but different ambient temperatures. Then, the creep strains or creep moduli (i.e., the load divided by the strain during a given creep stage, defined zero at the start of monotonic loading) obtained from these tests are superimposed to obtain the so-called "master curve" for a given tensile load . The stress-rupture curve in terms of creep strain or creep modulus is then established from these master curves for different tensile loads obtained by the TTS technique, Figs. 1a & b.
The TTS technique requires a number of highly replicated samples to obtain a reliable master curve. However, Thornton et al. (1998) pointed out that, even when performed under the same temperature, the variation in the load-strain curves from multiple conventional creep tests of a given type of geosynthetic reinforcement is generally high due to a variance among different samples. Therefore, they proposed another technique called "stepped isothermal method (SIM)" to overcome the problem with the TTS technique described above. By the SIM technique, a master curve for a given tensile load is obtained from a test using a single sample, in which, at the same tensile load, a series of separated isothermal dwells are applied after a respective stepwise increase in the temperature (Fig. 1c) . Greenwood et al. (2004) reported that the times to creep rupture of a polyester geosynthetic predicted by the SIM technique agreed excellently with those actually measured by very long creep rupture tests. However, it is to be noted that a master curve is obtained by TTS or SIM tests based on a set of "shift factor", which are determined only in an empirical way (as explained later). Moreover, any relevant constitutive model that can simulate the whole temperature-sensitivity of creep strain rate in these two types of tests cannot be found in the literature.
It seems that the plastic property, which is rateindependent, of polymer geosynthetics is sensitive to variations in the ambient temperature. It is likely that effects of temperature increase on the strength and deformation property of geosynthetic are equivalent to those of a degrading ageing phenomenon. On the other hand, creep deformation of geosynthetic reinforcement under a constant temperature is merely a viscous response, not a degrading phenomenon (e. g., Hirakawa et al., 2003; Kongkitkul et al., 2005) . Therefore, creep deformation that takes place at the same load but at different temperatures in TTS and SIM tests should be analysed as coupled effects of these two factors:a) viscous property; and b) negative changes in the inviscid (i. e., plastic) loadstrain property of geosynthetic by temperature increase. In this study, a constitutive model that takes into account these two factors was developed and used to simulate the load-strain-time behaviour in a series of numerical TTS and SIM tests with sustained loading at the same applied load while at different temperatures. The master curves were then obtained by following the TTS and SIM techniques, based on the empirical methods suggested by GRI (2000).
Constitutive modelling (1) Modelling of viscous property
The non-linear three-component model that had been developed for geomaterial was modified for geosynthetic reinforcement by Hirakawa et al. (2003) and Kongkitkul et al. (2005) (Fig. 2) When the changes in the load-strain curve upon the change in the strain rate is persistent as long as ML continues at a constant strain rate, the type of viscous property is called Isotach, which is the case for most of geosynthetic reinforcements reported by Hirakawa et al. (2003) and also assumed in the present study. It has been study, it is assumed that Eq. 2 is also relevant to polymer geosynthetic reinforcement. Hirakawa et al. (2003) and Kongkitkul et al. (2005) showed that this model can properly simulate:a) different load-strain curves from continuous monotonic loading tests at constant but different strain rates; b) a load jump upon a stepwise increase/decrease in the strain rate; c) creep strain under a constant applied load; and d) load relaxation. where Vfy is the yield inviscid load that is subjected to where is the inviscid yield load, which is independent from any ageing effects (i.e., becomes independent of loading history as follows:
The temperature change effects are modelled by taking advantage of the model for ageing described above (i.e., Eq. 7). That is, the function Af (tc) is defined for a given time history of temperature, T=f1(tc), so that it represents the effects of ambient temperature changes, Af=f2 (T), assuming that an increase in the temperature from the reference value to another is equivalent to a time-dependent degrading process (i. e., negative ageing effect). Af (tc) is obtained by substituting T=f1 (tc) into f2 (T). In the present study, Af (tc)=1.0 is defined for the reference temperature denoted as T1 while Af (t) < 0.827, which is kept constant as far as the temperature is maintained at T3, and so on. Eq. 8 is applied similarly to the temperature increasing process in a numerical SIM test as described later. It is also assumed that the elastic and viscosity function (Eq. 2) are kept the same for temperature changes. It will be necessary to validate this assumption in the near future.
Simulations
(1) Illustration for TTS Fig. 3 shows given time histories of tensile strain in a set of numerical TTS tests in which continuous ML loading tests are followed by sustained loading for 1,000 seconds at the same load at constant but different ambient temperatures, T1, T2, T3, T4 and T5. A strain rate during continuous ML was set to be equal to 0.5%/min. The elapsed times at the start of ML at two adjacent different temperatures are different by 10 seconds. For example, t =0 and t=10.0 seconds at the start of ML when the Figs. 5 & 6 respectively show the time histories of tensile strain (defined zero at the start at ML) and creep modulus during the sustained loading stages at different temperatures. The horizontal axis is the logarithm of the elapsed time in second (defined zero at the start of respective sustained loading). It may be seen that the tensile strain increases and the creep modulus decreases with an increase in the temperature, which is due to a decrease in the stiffness of the inviscid tensile load-strain relation with temperature increase. This trend of behaviour is consistent with the test result reported by Hirakawa et al. (2003) that, for the same initial strain rate at the start of sustained loading, the creep strain increment for the same period of sustained loading of a given type of geosynthetic reinforcement increases with a decrease in the tangent stiffness at the load equal to the sustained load of the load-strain relation for continuous ML at a constant strain rate.
Figs. 7 & 8 respectively show the time histories of tensile strain and creep modulus during sustained loading at the initial temperatures, T1 as well as those during sustained loading at the elevated temperatures, T2 through T5, after having removed the initial non-linear part for the first 30 seconds from those presented in Figs. 5 & 6. A master curve is then obtained by horizontally shifting the creep strain-log(time) and creep modulus-log(time) curves presented in Figs. 7 & 8 , respectively, to the right so that a single continuous curve is obtained (Figs. 9 &  10) . The same horizontal shifting of the curves along the axis of the logarithm of time in Figs. 7 & 8 is equivalent to multiply the elapsed time for each data point of the respective curve by the same shift factor, which is equal to 101.35 so as to appropriately connect the data (Figs. 9 &  10) . The logarithm of the shift factor, which is equal to 1.35, is the horizontal distance along the log time axis by which the curve is moved (Thornton et al., 1998) . Note that in Fig. 9 , the tensile strain at t=0 for the master curve (i.e., at the start of sustained loading at T1) is redefined as zero. By this empirical method, the creep strain/modulus curve can be extrapolated by three log-cycles toward (2) Illustration for SIM Fig. 11 shows the tensile load-strain relation obtained from a numerical SIM test. The tensile load and tensile strain rate at the start of sustained loading are the same as those employed in the numerical TTS tests described above. During sustained loading, the ambient temperature was increased stepwise with a total duration for sustained loading at each fixed temperature equal to 1,000 seconds. The inviscid load decreases suddenly upon the respective stepwise temperature increase made during the sustained loading stage at the fixed tensile load. After each sudden decrease associated with a step temperature increase, the inviscid load gradually increases with an increase in the irreversible strain following the new degraded inviscid load-strain relation at the constant higher temperature. Therefore, the creep strain rate is accelerated from the value at the end of the preceding temperature by an abrupt degradation in the inviscid load-strain relation associated with a temperature increase. Fig. 12 compares the load-strain curve obtained from this numerical SIM test with those obtained from continuous ML performed at the same constant strain rate under constant but different temperatures, T1, T2, T3, T4 and T5. It may be seen that the load-strain curve after ML is restarted at the end of the sustained loading at TS in the numerical SIM test rejoins the one obtained by continuous ML at constant temperature of T5. This trend of behaviour that is independent of previous time histories of strain and temperature is a consequence of the use of Egs.1 & 7, by which a unique current viscous load is obtained for given instantaneous values of irreversible strain, its rate and temperature. It should be noted that this is an assumption at the present stage. decreased for a duration of 10 seconds to Af (tc)=0.909, which was kept constant for the next 990 seconds of sustained loading at T2. The transitions of Af (tc) when the temperature was increased from T2 to T3, from T3 to T4 and from T4 to T5 were made based on Eq. 8 in the same way as the one from T1 to T2. Fig. 15 shows the time histories of total and irreversible strains in the SIM test. It may be seen that the trend of the curve is very similar to the one obtained by the actual SIM tests reported by, for example, Thornton et al. (1998) and GRI (2000) . The acceleration of creep strain rate upon a temperature increase is well simulated. Moreover, the decreasing creep strain rate with time at a fixed temperature is also properly simulated.
Figs. 16 & 17 show the time histories of tensile strain and creep modulus obtained from the numerical SIM test , where t is the time that has elapsed from the start of sustained loading at T1 while t' is the time t that has elapsed until the start of current sustained loading at an elevated temperature. That is, t-t' is the dwell time that has elapsed from the start of sustained loading at the current elevated temperature. The tensile strain has been redefined as zero at the start of sustained loading at T1. Following GRI (2000), the creep strain-log(time) and modulus-log (time) curves were redefined so that "the slopes of the creep strain-log (time) curve and moduluslog (time) curves at the beginning of a higher temperature dwell" match "those of the end of the respective curve at the preceding lower temperature" by: a) rescaling the dwell time t-t' by subtracting a relevant slope of the curve at an elevated temperature becomes the same as the one at the end of the preceding sustained loading at the lower temperature; and b) vertically then horizontally shifting the creep strain (and modules) and log (time) curves (after timerescaling) to obtain smooth continuous master curves. (3) Comparison between TTS and SIM It is shown above that the non-linear three-component model used in the simulation is able to simulate the loadstrain-time behaviours in TTS and SIM tests in a consistent way and to obtain the master curves. The master creep strain/modulus-log (time) curves (Figs. 9 & 10) obtained from the numerical TTS and SIM tests are very similar to each other. It seems that the differences seen for logt >3.0 are due partly to some inherent features of the time-rescaling procedure assumed to obtain the master curves in the numerical SIM test . It may also be seen that the master creep modulus curve is smoother than the master creep strain curve in both TTS and SIM tests. That might be the reason why the master creep modulus curve is preferred over the master creep strain curve (e. g., Thornton et al., 1998; GRI, 2000) . Several specific assumptions are used to obtain the master curves presented in Figs. 9 and 10. If these assumptions are relevant (as validated by a limited amount of experimental data), in the simulation, the master curves presented in Figs. 9 and 10 should agree with the tensile strain-log(t) and modulus-log(t) time curves that are obtained by sustained loading at T1 that continues until the time at the end of the master curve. In this way, a constitutive model that can predict the tensile load-strain-time behaviour for such a long period as a typical life time of civil engineering structures (e. g., 50 years) may be developed. Further study is necessary in this respect.
Conclusions
The tensile load-strain-time behaviour, including creep behaviour, at different elevated temperatures in TTS tests as well as those in SIM tests can be simulated very well by numerical simulation based on the proposed constitutive model. In this model, the negative effects associated with an increase in the ambient temperature on the inviscid load-strain relation are accounted for in addition to the rate effects due to the viscous property. When a series of tensile tests are performed at a set of elevated temperatures to evaluate the effects of temperature changes on the inviscid property, the model can predict the creep behaviour not only in SIM tests but also the tensile load-strain-time behaviour for arbitrary histories of tensile strain (or load) and temperatures. Figure 18 Time-resealed and vertically shifted creep strainlog (time) curves from those presented in Fig. 16 Figure 19 Time-resealed and vertically shifted creep modulus-log (time) curves from those presented in Fig. 17 
